Several adsorbents, such as natural zeolite clinoptilolite, modified zeolite, grape and olive wastes have been investigated for removal of chromium (VI) ions from aqueous solutions by performing batch kinetic sorption experiments. Natural zeolite, modified zeolite, grape and olive wastes have removed 5 %, 13 %, 73 % and 62 %, respectively, of Cr(VI) ions from aqueous solution. Equilibrium experimental results were fitted to Langmuir and Freundlich isotherms to obtain the characteristic parameters of each model. According to an evaluation using Langmuir equation, the maximum Cr(VI) adsorption capacity of grape waste was 108.12 mg g -1 and of olive waste 100.47 mg g -1 at pH 2. The equilibrium kinetic data were analyzed using pseudo-first-order and pseudo-second-order models, and parameters were estimated by using non-linear regression analysis. Langmuir model and pseudo-second-order model describes better the obtained results than Freundlich model and the pseudo-first-order model. The adsorption of Cr(VI) ions increased with temperature and the negative values of ∆G° for investigated adsorbents confirmed the feasibility and spontaneous nature of the adsorption process.
Introduction
Pollution by heavy metals has received widespread attention in the recent years, due to its harmful effects on human health as well as fauna and flora of receiving water bodies 1 . The levels of toxic metals in surface waters have been increasing due to pollution caused by industrial wastewater discharges 2 . Chromium (Cr) is widely used in electroplating, leather tanning, metal finishing, and chromate preparation. Chromium can exist under six oxidation states like most transition metals, but in the EhpH (potential-pH diagram) range of natural waters, the only important ones are trivalent Cr(III) and hexavalent Cr(VI). Cr(VI) (chromium trioxide, chromic acid, and bichromate) is the most toxic form, being carcinogenic and mutagenic to living organisms [3] [4] [5] . Trivalent Cr(III) (chromium oxide and chromium sulfate) is about 300 times less toxic than Cr(VI), and therefore, has limited hydroxide solubility, it is less mobile, less bioavailable, and a trace amount is essential for healthy growth 3, 5 . Because of its toxicity, Cr(VI) must be largely removed from the wastewater before being discharged into the aquatic system. In the last decades, a lot of studies on chromium adsorption on zeolite 3 and biosorption by various biomaterials, such as bacteria 6 , algae 7 , fungi 8 , industrial wastes, agricultural wastes 1, 5, 9 and compost 10 , have been undertaken in order to find an alternative to the costly additional effluents treatments, like ion exchange, membrane separation, chemical oxidation and reduction, filtration, electrochemical treatment and adsorption on activated carbons 11 . These high-technology processes have significant disadvantages, including incomplete metal removal, requirements for expensive equipment and monitoring systems, high reagent of energy requirements or generation of toxic sludge or other waste products that require disposal 1, 12 . Natural zeolites are crystalline microporous aluminosilicates with very well-defined structures that consist of a framework formed by tetrahedral of SiO 4 and AlO 4 . The isomorphous substitution of Al 3+ for Si 4+ in the tetrahedral results in a negative charge on the zeolite framework that can be balanced by exchangeable cations. Chromium (VI) in water solution is present as an anion, HCrO 4 -or CrO 4 2-, and natural zeolites need to be engineered to reverse their surface charges to positive in order to enhance Cr(VI) sorbents interactions 3 . Modification of natural zeolite with Fe could enhance chromium removal. Impregnation with Fe(II) increased the carbon surface area, introduced more acidic functional groups.
During production of wine and olive oil, a huge amount of solid waste (fruit skin, pulp, seed fragments) are generated. Throughout history, creative minds have tried to use grape and olive wastes, because disposal of these wastes is a huge environmental problem. Grape and olive wastes have proved to be good adsorbents for the removal of both tri-and hexavalent chromium from water. In addition, some agricultural wastes have the capacity to reduce Cr(VI) to Cr(III), and it has been confirmed that Cr(VI) removal by these biomaterials is due to an "adsorption-coupled reduction" mechanism 11 . The advantages of these materials are: very low or no cost sorbents, great availability, simple operational process, and the fact that through their use as biosorbents, added value is provided to products that otherwise would be considered as a waste 5, 13 . Furthermore, these materials can be disposed of without expensive regeneration after adsorption of metals 1 . The aim of this study was to investigate the adsorption potential of zeolite and agroindustrial wastes, grape and olive wastes, for the removal of Cr(VI) from aqueous solution. During the adsorption of Cr(VI) on grape waste, the reduction of Cr(VI) ions to Cr(III) ions was investigated, and speciation of chromium at different pH was evaluated in MINTEQ (computer program for geochemical equilibrium speciation model for dilute aqueous systems). Langmuir and Freundlich adsorption isotherm models and pseudo-first-order and pseudosecond-order models were used to evaluate the obtained experimental data, and the parameters (K L , q max , K F , q e,calc , k f , k s ) were estimated using non-linear regression.
Material and methods

Materials
The standard solution used in this study was potassium dichromate (K 2 Cr 2 O 7 ) from Merck (USA). The Fe(II) used for zeolite modification was FeSO 4 · 7 H 2 O from Merck (USA). The inorganic material used in the experiments was natural zeolite clinoptilolite from the Krapina region, Croatia. Zeolite was washed with demineralized water to remove the particles adhered to its surface and dried at 105 °C for two hours. The dried zeolite was crushed with laboratory jaw crusher (Matest, AO092 TE, Italy) and granulometric analysis was conducted on rotary sieve shaker (Sieve-Shaker Model RA-86-1, WS Tyler, USA). The agroindustrial materials used in the experiments were grape waste and olive waste. Grape waste was generated in the course of wine production of the hills of Plesevica in the western part of Croatia. The waste pomace from the olive oil mill is an oil cake produced by continuous olive oil extraction using two-phase system. The oil cake or pomace was obtained from a local olive oil manufacturer (Agrolaguna Poreč, Croatia). Grape waste and olive waste contained husks and barks. Physical characteristics of selected adsorbents are presented in Table 1 .
Modification of natural zeolite
In a 100-cm 3 Erlenmeyer flask, 10 g of natural zeolite and 30 cm 3 of 20 mmol dm -3 Fe(II) solution were combined. The mixture was shaken at room temperature for 24 h at 150 rpm, allowed to settle, and the supernatant was removed, followed by washing the zeolite with a few portions of deionized water, and then drying at 105 °C for two hours.
Adsorption of Cr(VI) ions on natural zeolite, modified zeolite, grape and olive waste Adsorption experiments were carried out by adding 0.5 g of different adsorbents, natural zeolite, modified zeolite, grape and olive wastes into 100-cm 3 Erlenmeyer flasks containing 50 cm 3 of 1 mg dm -3 of dichromate solutions at pH value 4, T = 20 °C, and 150 rpm for four hours. The concentrations of chromium (VI) ions in aqueous solution were determined spectrophotometrically at λ = 540 nm, using 1,5-diphenylcarbazide method 14 . The method is based on the reaction of 1,5-diphenylcarbazide and Cr(VI), which forms a red-violet colored complex. The total Cr concentration was also determined spectrophotometrically 14 . The concentration of Cr(III) was calculated from the difference be- ) of dichromate solutions at pH value 2 and at T = 20 °C. All flasks were shaken at 150 rpm for four hours. The concentrations of Cr(VI) were detected spectrophotometrically 14 . The amount of Cr(VI) ion adsorbed q e (mg g -1 ) was determined using the following Eq. (1): 
Batch kinetics studies
Kinetic experiments were identical to those of equilibrium tests. The aqueous samples were taken at present time intervals, and the concentrations of Cr(VI) ions were determined spectrphotometrically 14 . The amount of Cr(VI) ion adsorbed at time t, q t (mg g -1 ), was calculated by expression, Eq. (3):
) is the liquid phase concentrations of Cr(VI) ions at different times.
Effect of pH value on chromium adsorption and speciation
The effect of pH solution (pH = 2 -9) on sorption of Cr(VI) ions on grape and olive waste was determined by agitating 0.5 g of different adsorbents and 100 cm 3 of dichromate solution (γ 0 = 10 mg dm -3 ). Agitation was provided for 4-h contact time, which was sufficient to reach equilibrium with a constant agitation speed of 150 rpm and at T = 20 °C. The pH value was adjusted by adding a few drops of 1 mol dm -3 H 2 SO 4 and 1 mol dm -3 NaOH. Speciation of Cr was done in working pH and concentration using the software of MINTEQ 3.0. MINTEQ is a chemical equilibrium modeling system for water chemistry calculations, chemical speciation, titration curves, pH calculations, ion adsorption, etc. The initial chromium concentration was set at 60 mg dm -3 .
Effect of adsorbent dosage
The effect of adsorbent mass (m = 0.05, 0.1, and 0.5 g) on sorption of Cr(VI) ions on grape and olive waste was determined by agitating different masses of adsorbents and 100 cm 3 of dichromate solution (γ 0 = 100 mg dm -3 ) at pH value 2, T = 20 °C, and 150 rpm.
Effect of temperature
The effect of temperature (T = 20, 30, and 50 °C) on sorption of Cr(VI) ions on grape and olive wastes was determined by agitating 0.05 g of different adsorbents and 100 cm 3 of dichromate solution (γ 0 = 50 mg dm -3 ) at pH value 2 and 150 rpm.
Results and discussion
Adsorption of Cr(VI) ions on natural zeolite, modified zeolite, grape and olive waste
The removal of Cr(VI) from aqueous solution using different sorbents is presented in Fig. 1 . It may be seen that the natural zeolite and modified zeolite removed less than 15 % of Cr(VI), while grape and olive wastes removed about 70 % percent of Cr(VI) ions during 30 minutes. After three hours, the modified zeolite removed 50 % of Cr(VI) ions from aqueous solutions, which indicated that the rate of adsorption of Cr(VI) ions on natural and modified zeolite was slower than on agricultural waste. Natural zeolite had not efficiently removed Cr(VI) ions above the concentrations of 5 mg dm -3 , while modified zeolite removed 75 % of Cr(VI) ions at initial concentration of 10 mg dm -3 during 180 min. The framework structure of natural zeolite contains interconnected voids that are filled with cations that can be exchanged with other cations. Due to the negative charges of Cr(VI) oxyanions, the natural zeolite cannot efficiently remove Cr(VI) from aqueous solution, because it has no affinity to anions 15, 16 . Agroindustrial wastes removed all Cr(VI) ions during 180 minutes, because agroindustrial waste contains carbohydrate polymers, cellulose, and hemicelluloses bound to the lignin in lignocellulosic residues by hydrogen bond and covalent bonds, and metal binding takes place mainly through chemical functional groups such as carboxyl and hydroxyl 5 .
Effect of pH value on chromium adsorption and speciation
The pH of the aqueous solution is an important controlling parameter in the heavy metal adsorption process, and thus, the role of hydrogen ion concentration was examined from solutions at different pH from 2 to 9. The pH of the aqueous solution influences Cr speciation and the dissociation of active functional groups (-OH, -COOH, -NH 2 ).
The maximum uptake levels of Cr(VI) were observed at pH 2.0. As shown in Fig. 2(a) and (b) , the uptake of Cr(VI) increased with a decrease in the solution pH. At lower pH, the surface of grape and olive waste was positively charged, and electrostatic force of attraction occurred with HCrO 4 -, i.e. the functional groups (amino and carboxyl) in the surface of the grape and olive waste were protonated and restricted the approach of cationic species as the result of repulsive forces 5, 17 . However, at higher pH values, the surface of grape and olive waste was negatively charged resulting in a repulsive force between grape and olive waste and Cr O H O 2HCrO 
When comparing the results presented in both figures, emphasis must be made to the faster kinetics of Cr(VI) sorption on grape waste compared to that of Cr(VI) sorption on olive waste, especially at pH 2. Further, at pH 5, grape waste removed all Cr(VI) ions, while olive waste did not. At pH values higher than 6, there is no significant adsorption of Cr(VI) due to competition of the anions HCrO 4 -, Cr 2 O 7 2-and OH -for the adsorption sites (Fig. 3) 5 , Equations 4-6. Aqueous phase pH governs the speciation of metals as well as the dissociation of active functional sites on the sorbent 4 . Grape and olive wastes are lignocellulosic materials, but there are many different types of lignin in different types of lignocellulosic materials 5 . Based on the results 9 obtained by FTIR-ATR analysis, the oxygenated functions of lignin structure (guaiacyl, syringyl) were Many earlier studies have claimed that Cr(VI) was removed from the aqueous phase through an adsorption mechanism, whereby anionic Cr(VI) ion species bind to positively charged groups of biomaterials 1, 4 . Nowadays, the "adsorption-coupled reduction" reaction is widely accepted as the true mechanism of Cr(VI) adsorption by natural biomaterials under acidic conditions due to its high redox potential value (above +1.3 V at standard condition) 1, 4, 5, 17, 18 . From Fig. 4 , it may be seen that, as the concentration of Cr(VI) ions decreased, the concentration of Cr(III) ion, which was not initially present, was found to increase. These results suggest that Cr(VI) ions had adsorbed on the adsorbent in the form of anionic species HCrO 4 -by the esterification reaction (Fig. 3) and then reduced to Cr(III) through electron donation from the electronic rich polyphenolic aromatic ring according to the following reaction:
It is important to point out that protons and electrons (supplied by the electron-donor groups in the biomaterial) are required for the reduction of Cr(VI) to Cr(III). Cr(VI) remains bound to the biomaterial surface if there is a small number of electron-donor groups in the biomaterial or protons in the aqueous phase. Thiol, phenolic and carboxyilic functional groups have been reported as electron-donor groups in biomaterials 5, 20 . At pH values from 2 to 4, the chromium is in the form of trivalent chromium, Figs. 3 
From Fig. 4a , it may be seen that, in equilibrium stage at pH 2, the Cr(VI) ions were completely removed, one part was adsorbed on grape waste, and the other was reduced to trivalent chromium, while at pH 5 the concentration of Cr(III) was in trace, which was also reported by Chand et al. 21 Values obtained in program MINTEQ were higher, because in this program, the concentrations of chromium species were determined in pure aquatic solution without an adsorbent, Fig. 5 . At pH 2, the concentration of Cr(III) obtained in MINTEQ was 40 mg dm -3 higher than that obtained in the experiment, because in the experiment a part (40 mg dm 
Effect of adsorbent dosage
The effect of grape and olive waste dosage on adsorption of chromium (VI) is presented in Fig. 6 . The results show that the percentage of removal of Cr(VI) increases rapidly with increase in the dose of grape and olive waste, due to the greater availability of the adsorbent 4, 22 . The uptake of Cr(VI) showed a reverse trend in the removal percentage adsorptions. With increasing adsorbent dosage from 0.05 to 0.5 g, the adsorption of Cr(VI) ion per unit weight of adsorbent decreased for grape and olive waste from 98 to 19 % and from 95 to 18 %, respectively. Such behavior was obvious, because with an increase in adsorbent dosage, the number of active sites available in the adsorbent for the removal Cr(VI) ions will be high, and low for lower adsorbent dosages, due to the progressive saturation of active sites. Similar results have been reported in other literatures 4, 17 for the biosorption of Cr(VI) using tea factory waste and Caryota urens. Fig. 7 shows the influence of adsorbent dosage on adsorption of Cr(VI) ions and on reduction of Cr(VI) to Cr(III). It is evident that, as the mass of adsorbent increases, the concentration of Cr(VI) ions and Cr(III) ions in solution decreases. The concentration of Cr(III) ions decreases because as the mass of adsorbent increases the adsorption of Cr(VI) ions are faster and less Cr(VI) ions are reduced to Cr(III).
Adsorption isotherms
Adsorption isotherms describe how pollutants interact with adsorbent materials, and so they are critical to optimize the use of adsorbents. In order to optimize the design of an adsorption system for removal of Cr(VI) ions from aqueous solutions, it is important to establish the most appropriate correlation for equilibrium curve (Fig. 8) . From Fig. 8 , it may be seen that Cr(VI) adsorption capacity of grape and olive waste increased with increase of initial chromium concentration in aqueous solutions, indicating that plenty of readily accessible sites are available at the start of adsorption. After equilibration, when the adsorbent becomes saturated, a plateau is reached, indicating that no more sites are available for further adsorption.
Several isotherm equations have been used for the equilibrium modeling of adsorption system. The Langmuir isotherm is based on the assumption that maximum adsorption occurs when a saturated monolayer of solute molecules is present on adsor- bate surface, the energy of adsorption is constant, and there is no migration of adsorbate molecules in the surface plane 23 . Moreover, Langmuir theory has related rapid decrease of the intermolecular attractive forces to the rise of distance 24 . The Langmuir isotherm model is defined by Eq. (10): (10) max L e L e
(1 )
where q e is equilibrium concentration of chromium (VI) on the adsorbent (mg g
, γ e is the equilibrium concentration of Cr(VI) in the solution (mg dm -3 ), q max is the maximum monolayer adsorption capacity of the adsorbent for Cr(VI) (mg g
, and K L is the Langmuir adsorption constant relating to the free energy of adsorption (dm 3 mg -1 ). Table 2 presents the values of Langmuir constants, which were estimated by non-linear regression analysis using Least Squares method implemented in Scientist software. Based on other literature, it may be seen that grape and olive waste have higher adsorption capacity for Cr(VI) ions than other sorbents like modified zeolite 15, 16 , compost 10 , biomass 25, 26 , gelatin biosorbent 27 . The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor R L that is given by:
) is the highest initial concentration of adsorbate, and R L values between 0 and 1 imply favorable adsorption 23 . The values of R L for grape and olive waste in this study have been found to be 0.1798 and 0.0927, respectively, indicating that adsorption of Cr(VI) ions on grape and olive waste is favorable.
Freundlich isotherm describes non-ideal and reversible adsorption, not restricted to formation of monolayer 23 . The Freundlich equation is an empirical relationship whereby it is assumed that the adsorption energy of a metal binding to a site of an adsorbent depends on whether or not the adjacent sites are already occupied 25 . The form of Freundlich model is:
where K F is the Freundlich adsorption capacity constant and whose units vary with 1/n, and 1/n (dimensionless) represents the adsorption intensity of surface heterogeneity and ranges between 0 and 1, becoming more heterogeneous as its value comes closer to zero. Whereas, a value below unit implies chemisorptions process, where 1/n above one is an indication of cooperative adsorption 23 . The Freundlich isotherm parameters were estimated by non-linear regression analysis using Least Squares method implemented in Scientist software.
Based on regression coefficient, it may be seen that Langmuir model better describes experimental values than Freundlich model, suggesting that the surface of the sorbent is homogeneous. The maximum adsorption capacity of grape and olive waste was the same. Cr(VI) removal as a function of initial metal ion concentration and contact time is given in Fig.  9 (a) and (b). The initial Cr(VI) ion concentration was varied from 20 to 120 mg dm -3 , while time was varied from 90 to 300 min. The maximum Cr(VI) removal was attained within 2 hours, after which further removal was negligible possibly due to the quick exhaustion of adsorption sites thereafter. These results are consistent with the results reported in the sorption of Cr(VI) using sunflower waste biomass and carbonaceous adsorbents prepared from waste biomass 25, 28, 29 . Further, it may be observed that the Cr(VI) removal rate was high in the first 30 minutes, and with time, it gradually slowed down. The initial rapid phase may involve adsorption or ion exchange at the cell surface. In contrast, the subsequent slower phase may involve other mechanisms, such as complexation, saturation of binding sites leading to intraparticle diffusion, or other slow chemical reactions 18, 23, 27 . A higher initial concentration provides an important driving force to overcome all mass transfer resistances of the pollutant between the aqueous and solid phases, thus increases the uptake 4, 23, 30, 31 . In order to predict the mechanism involved in the present sorption process and potential rate controlling such as chemical reaction processes, two kinetics models were used to fit the experimental data, pseudo-first-order and pseudo-second-order (Fig. 9) . The parameters were estimated by non-linear regression analysis using Least Squares method implemented in Scientist software. The pseudo-first-order model is one of the most widely used rate equations to describe the adsorption of an adsorbate from given liquid phase, Eq. (13):
where q t and q e (mg g -1 ) are amount of Cr(VI) adsorbed at time t and equilibrium, and k f is pseudo-first-order rate constant (min -1 ). The pseudo-second-order model is based on the assumption that the rate-limiting step may be a chemical sorption involving forces through the sharing or exchange of electrons between adsorbents and adsorbate 23 based on regression coefficient (R 2 ). From Table 3 and Fig. 9 , it may be seen that the pseudo-second-order kinetics model better described the experimental values than pseudo-first-order, but in both cases the regression coefficient is above 0.95, indicating that these two models can be applied for the entire concentration range of adsorption process. The good agreement between obtained experimental results with pseudo-first-order and pseudo-second-order, and Langmuir and Freundlich models, suggest that adsorption of Cr(VI) on grape and olive waste is a complex process, involving more than one mechanism 18 .
Thermodynamic studies
Thermodynamic parameters were determined to confirm the adsorption nature of the present study. The thermodynamic constants, free energy change (∆G°), enthalpy change (∆H°) and entropy change (∆S°) were calculated to evaluate the thermodynamic feasibility of the process, and to confirm the nature of the adsorption process 24 . The Gibb's free energy change of the process is related to the K c by the following equation, Eq. (15):
where T is temperature in K, R the ideal gas constant (8.314 J mol
), and K c is the thermodynamic equilibrium constant, which is defined as, Eq. (16) , and γ e is the equilibrium concentration of solution, mg dm -3 . According to thermodynamics, the Gibb's free energy is also related to the enthalpy change (∆H°) and entropy change (∆S°) at constant temperature by the Van't Hoff equation, Eq. (17):
In order to determine the thermodynamic parameters, experiments were carried out at different temperatures in the range of 20-50 °C (Fig. 10) . The values of enthalpy (∆H°) and entropy (∆S°) were calculated from the slope and intercept of the plot ln K c versus T -1 . The calculated values are listed in Table 4 . Fig. 10 shows the influence of temperature (20, 30 and 50 °C) on the adsorption of Cr(VI) ions on grape and olive waste. The amount of Cr(VI) removed from aqueous solution by adsorption on grape and olive waste increased as temperature increased from 20 to 50 °C. The positive values of ∆H° for grape and olive waste indicated the endothermic nature of the process. The small values of enthalpy indicates the physical adsorption of Cr(VI) on grape and olive waste 32 . Changes in entropy, ∆S°, for grape and olive waste was found to be 10.13 and 7.23 J mol -1 K -1 , respectively, for Cr(VI) removal from aqueous solution. This result implied that Cr(VI) ions on solid phase (surface of adsorbent) were in a much more chaotic distribution compared to the relatively ordered state of bulk phase (aqueous solution) 23 . The negative values of ∆G° for investigated adsorbents confirmed the feasibility and spontaneous nature of the adsorption process.
Conclusions
From the obtained experimental results and their evaluation, it may be concluded that grape and olive waste are better adsorbents than natural and modified zeolite for removal Cr(VI) ions from aqueous solution. The equilibrium data were analyzed using Freundlich and Langmuir isotherms. The Langmuir isotherm provided the best fit for the sorption of Cr(VI) on grape and olive waste. The maximum adsorption capacity of Cr(VI) on grape and olive waste was 108.12 mg g -1 and 100.47 mg g -1 , respectively, at pH 2. Kinetic studies suggested that pseudo-second-order kinetics model better described the experimental values than pseudo-firstorder. 
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